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Abstract 
Adhesive joints used in automobiles are subjected to very adverse operating conditions. Under these conditions, deterioration of 
the adhesive bond can be produced due to degradation both environmental and temperature, which leads to a decrease of the 
mechanical properties of the assembly over time. The present study analyzes the degradation experienced by adhesive joints of 
composite with aluminum, with two different adhesives (an epoxy and a polyurethane), when these are subjected, on one hand, a 
prolonged environmental exposure and, moreover, aging caused by high temperature and immersion in engine oil. Test results 
indicate that epoxy adhesive has better mechanical behavior than the polyurethane when the stays are prolonged weathering.  
Also, the epoxy adhesive also has good technical performance under the joint action of immersion in oil and heat, since this 
adhesive improves flexibility, and resistance to bending and tensile not experience significant changes during the 128 hours of 
the test. 
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1. Introduction 
Currently in the automotive industry, new materials are investigated with the aim of satisfying the requirements 
relating to the design and manufacture of increasingly lighter and stronger structures. These structures contribute 
greatly to allow vehicles to achieve greater speed with less power consumption. In recent years, the use of composite 
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materials in the main components of the automobile has attracted the attention of both researchers and manufacturers 
and industrial companies. Composite materials, in general, and in particular, the polymer matrix reinforced with 
carbon fiber, have the advantage of not corrode, have high buffering capacity and a low cost of manufacture energy 
commodities. However, they have the disadvantage of not fit well in large production lines, high cost and difficulty 
of recycling. Still, in the construction of components in the automotive industry, the anisotropy of the composite 
materials could create new design concepts allowing a reduction of the number of parts and weight [1-4], so that, 
overall, it is a competitive advantage and that their use is increasing. 
Normally, several aluminum alloy components exist in some applications in the automotive sector. These 
components must be joined to the composite material independently. This is the case of the chassis or drive shafts. 
The use of structural adhesives in such joints as a complement or, sometimes, as an alternative to traditional systems 
provide many advantages, for example, lower weight, a uniform distribution of stress, water tightness, and eliminate 
galvanic corrosion [5,6]. 
However, these joints are used in automobiles, they may be subjected to very adverse operating conditions. For 
example, if the joints are used on the outside of a vehicle, they must withstand severe environment conditions; 
however, if they are used around the engine area, they must be able to withstand high temperatures and oil splashes. 
Under these conditions, deterioration of the adhesive bond may take place due to both environment and temperature, 
which leads to a decrease of the mechanical properties of the assembly over time. Therefore, ensuring the proper 
functioning of these adhesive joints requires knowing their behavior under these conditions. The present study, in 
line with this objective, analyzes the degradation experienced by adhesives and adhesive joints composite with 
aluminum when these are subjected, on one hand, a prolonged environmental exposure and, moreover, aging caused 
by high temperature and immersion in engine oil. 
2. Methodology 
2.2. Adherents properties  
The composite samples are made of carbon fiber fabric, and epoxy matrix. They were prepared using the hand 
moulding technique. The carbon fiber is a reinforced, high-performance fabric (HexForce® 46301/1000/50% 
6KHR), and the matrix is an epoxy resin (Resoltech® 1050/1056). The composite used in the tests consists of five 
layers of fabric and was cured at room temperature (pressure is 400 Pa). The other adherend is an aluminum alloy 
(series 6160) that is widely used in the automobile industry for its light weight and adequate mechanical behavior. 
2.3. Adhesives and surface treatments considered  
Previous studies [6] of the viability of structural adhesives for joining aluminum with composite have concluded 
that the most suitable adhesives for this type of bond are epoxies (for static mechanical loads that require rigid 
adhesives) and polyurethane (for dynamic mechanical loads that require flexible adhesives). The tensile tests 
performed on single lap joints of composite and aluminum were used as references for a technical-economic 
analysis. This analysis concluded that the best results within the bond are achieved when the adherends are subjected 
to machining processes (sanding and/or sand-blasting), as well as an additional coating of peel ply for the carbon 
fiber. 
The peel ply treatment consisted of adding a final 80 g/m2, 0.1 mm thick nylon layer to the composite. Once the 
composite material was cured, the nylon layer was removed, leaving a rough but uniform surface. Sanding was 
completed manually with sandpaper (320 μm) and yielded uniform machined substrates. Sand blasting is a deep 
abrasion substrate treatment and was conducted using Guyson sand blasting equipment, model Euroblast 2SF. 
Artificial corundum with a 120 μm grain was used as an abrasive, and one pass was made at a distance of 10 cm. In 
this study, the adhesives used were a very-high-strength epoxy (Loctite® 9466 - Henkel) and a two component 
polyurethane (Teromix® 6700 - Henkel). The properties of these adhesives are shown in Table 1. 
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Table 1: Properties of the adhesives 
Adhesives 
Properties 
Viscosity Brookfield – 
RVT, 25 °C, mPa·s (cP) 
Shear ISO 
527 (MPa) 
Standing 
time (h) 
Curing 
time (h) 
Epoxy Loctite® 9466  15000 a 50000 32 3 72 
Polyurethane Teromix® 6700  - 13 0.5 48 
2.4. Environmental degradation  
For this study, bulk adhesive specimens (of epoxy and of polyurethane) were manufactured with the dimensions 
according to the EN ISO ASTM D5229 standard [7]. Additionally, adhesive joints of aluminum and composite 
material have been manufactured and will be tested for comparison. Moreover, considering that the adhesive bonds 
rarely work in a pure mode (I or II), but it is usual that they are applied in mixed mode (ratio of peeled and cut), 
also, loss of mechanical properties in adhesive joints is evaluated by ENF (End Notched Flexure) test. This is the 
most widely used test for the experimental evaluation of the shear mode (Mode II) [8, 9].] A fixture was fabricated 
adapted to the orientation and inclination, according to UNE-EN 15062 [10] where the specimens (both, bulk 
adhesive samples and adhesive joints) remain for 12 months (February 2014 to February 2015) under conditions of 
environmental degradation in the city of Madrid (Spain). Samples are exposed to the environment in a great city are 
degraded because of high concentration of pollutants (such as SO2 and NO2 produced by vehicles, heating, etc.), 
extreme temperatures (that changes the surface tension of adherend-adhesive), abundant rainfall in certain periods, 
etc. In addition, weathering facilitates the entry of oxygen in the adhesive joint and accelerates its degradation. 
Bulk adhesive and adhesive joints specimens of each of the adhesives were left outdoors for periods: 1, 2, 3 and 
12 months, after which they were subjected to tensile tests and bending tests. Both types of tests were carried out 
with the machine model TN-MD Machine HOYTOM with a speed of 1 mm/min, in the case of tensile tests and 2 
mm/min in the case of bending tests. 
2.5. Thermal degradation and by immersion in engine oil 
In the case of aging by high temperatures and engine oil, assay development to accelerate the process is very 
interesting to determine performance over time in different environmental conditions [11-13]. In this line, in this 
paper, a study of accelerated aging in climatic chamber at 80 ° C bulk adhesive samples of two different adhesives 
widely used in the automotive sector (epoxy and polyurethane) is performed, as well as specimens of adhesive joints 
aluminum-composite material with both adhesives. Samples of each type were immersed in motor oil (Castrol 
Power 1 Racing 4T 10W-50) and were subjected to 80 ° C in a climatic chamber for periods of 1, 2, 4, 8, 16, 32, 52 
and 128 hours. We used a climatic chamber DY1200 model. 
In order to know the variations in mechanical properties of adhesives, two types of tests were performed for each 
adhesive. On one hand, after the time determined in a climatic chamber, bulk adhesive specimens were subjected to 
tensile tests. Moreover, loss of mechanical properties in adhesive joints is evaluated by ENF (End Notched Flexure) 
test. Both types of tests were carried out with the machine model TN-MD Machine HOYTOM with a speed of 1 
mm/min, in the case of tensile tests and 2 mm/min in the case of bending tests. 
3. Results and discussion 
3.1. Environmental degradation 
After the respective periods of exposure to weather, the bulk adhesives samples of epoxy and polyurethane were 
subjected to tensile tests. Likewise, ENF tests were conducted to evaluate bending strength of the adhesive joints 
aluminum-composite (with both epoxy and polyurethane adhesives).  
In Figure 1 the results of the bending test of the adhesive joints are shown. The following conclusions can be 
deduced of the Figure 1: 
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x The bending strength of the joint with epoxy adhesive shows a slight decrease in the long term (3.5% at 12 
months). However, it is observed that the strength of the joint during the first three months of exposure 
experienced a slight increase (5.5%) due to an increase in ambient temperature, along with increased relative 
humidity, held at that period, resulted in a post-curing process. 
x The bending strength of the adhesive joint with polyurethane shows a long-term marked decrease (from 11.8% at 
12 months). Again, a slight increase in tension (3.8%) after two months of exposure is produced also by a 
postcure caused by increased temperature and relative humidity in that period. 
x Epoxy adhesive joints have greater bending strength than polyurethane adhesive joints throughout the time 
exposure to weather (approximately 50% higher). 
 
 
 
 
 
 
 
 
 
Fig. 1. Variation of shear of adhesive joints in enviromental exposure. 
In Figure 2 the results of tensile tests of bulk adhesives samples (epoxy and polyurethane) are shown. The 
following conclusions can be deduced of the Figure 2: 
The tensile strength of the epoxy adhesive shows a slight increase at 12 months (3.8%) but shows a clear trend 
towards longer-term decline indicating that undergoes a process of degradation. However, it is observed that the 
tensile strength of the adhesive during the first three months of exposure increases slightly (6.6%) due to an increase 
of temperature and relative humidity which favors a post-curing process.  
The tensile strength of the polyurethane adhesive shows a marked decrease to long term (10.5% at 12 months). A 
slight increase in shear stress (0.6%) also occurs during the first month of exposure, as in other cases, due to a post-
cure favored by increased temperature and humidity in that period. 
Epoxy adhesive specimens have a greater tensile strength than the polyurethane samples during all the time of 
environmental exposure. This difference increases with time of exposure to weather (reaching almost 60% at 12 
months). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Variation of shear stress  in bulk adhesive samples 
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Figure 3 shows the deformation (in %) produced in the bulk adhesive samples in the tensile tests. The 
deformation of both adhesives decreased appreciably when environmental exposure period increased. This decrease 
in epoxy is lower (2% at 12 months) than in the polyurethane (45% at 12 months). That is, the loss of flexibility is 
much more marked in the polyurethane than in the epoxy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Variation of deformation in bulk adhesive samples at environmental exposure. 
In short, the polyurethane adhesive subjected to prolonged weathering presents a significant decrease in their 
resistance (both bending and tension) and a significant reduction of their flexibility indicating that, in these 
conditions, the polyurethane is in a process of progressive degradation. On the other hand, the adhesive epoxy shows 
greater range in the tensile tests with bulk adhesive samples than in adhesive joints. This difference is motivated by 
the epoxy-substrate bonding is not as effective as polyurethane-substrate bonding, since a higher percentage of 
adhesive or mixed fails occurs. Also, extended environmental exposure does not cause large changes in the elasticity 
of the epoxy adhesive.  
 
3.2.  Thermal and by engine oil degradation 
To evaluate the degradation of adhesive bonds when they are subjected to splashing motor oil at high 
temperatures, accelerated degradation tests in a climatic chamber have been performed. The tests were conducted 
with specimens of adhesive joints of aluminium-composite (with epoxy and polyurethane) and bulk samples of both 
adhesives. In all cases, the samples were immersed in motor oil at a temperature of 80°C throughout the test period.  
In Figure 4 the results of ENF tests of adhesive joints are shown. The following conclusions can be deduced of 
the Figure 4: 
The bending strength of the joints with epoxy adhesive shows a slight increase during the period analyzed 
(reaches 1.0% increase to 128 hours). However, it is observed that the bond strength in the early hours of immersion 
experience a greater increase (9%) due to a post-curing process. 
The bending strength of adhesive joints with polyurethane shows a sharp decline during the period analyzed 
(reaches 50% reduction to 128 hours). It is also observed that from the 50 hours of permanence, strength of the joint 
does not vary appreciably. 
Epoxy adhesive joints have a greater resistance to flexion than the polyurethane adhesive joints throughout the 
analysis period (achieves 75% more resistance to 128 hours). 
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Fig. 4. Shear variation in adhesive joints in motor oil at 80° C. 
The results of tensile test of bulk adhesive samples (epoxy and polyurethane) are shown in Figure 5. The 
following conclusions can be deduced of the Figure 5: 
The tensile strength of the epoxy adhesive shows no significant variation at the end of the period from the initial 
immersion. However, in the first 30 hours undergoes significant changes with a minimum value at 4 hours (decrease 
of 7.3%) and a maximum at 32 hours (increase of 5.4%). 
The tensile strength of the polyurethane adhesive shows a continuous increase from 4 hours of immersion 
reaching the maximum value to 128 hours (with an increase of 35%). 
Epoxy adhesive specimens have a greater tensile strength than the polyurethane samples throughout the stay time 
in the climatic chamber. However, this difference decreases with increasing the period of stay in the chamber (it 
goes from 54% to 38% beginning with 128 hours). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Variation of shear of adhesive bulk samples immersed in motor oil at 80° C. 
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Fig. 6. Variation of deformation of adhesive bulk samples in motor oil at  80° C 
Figure 6 shows the strain (in %) produced in the bulk adhesive samples in the tensile tests. Polyurethane adhesive 
deformation decreases appreciably in the first 10 hours (reaching a 56% reduction compared to the initial 
deformation) and remains at about this value until the end of their stay of 128 hours. That is, the combined action of 
both heat and immersion in motor oil originate (especially in the first 10 hours) an increase in stiffness (loss of 
elasticity) in the polyurethane. However, the epoxy adhesive shows a marked increase in deformation during the 
first 20 hours (when it reaches a maximum, an increase of 30% compared to baseline) and then a slight decrease is 
experienced up to 128 h (when increased 11.5% deformation is greater than at baseline). Thus, the combined action 
of heat and oil causes a significant loss of flexibility in the polyurethane, and yet epoxy elastic properties are slightly 
better. 
In summary, the epoxy adhesive has a good performance under the combined action of immersion in engine oil 
and heat, because their resistance (both bending and traction) is not changed substantially during the analyzed stay 
period (128 hours). It should also be noted that in these conditions the flexibility of epoxy adhesive significantly 
improvement over baseline. Furthermore, polyurethane shows an increase in tensile strength (bulk adhesive 
samples) with increasing the period of stay in the climatic chamber; however, its bending strength (ENF tests) is 
appreciably reduced by the dwell time in the chamber. This can be explained by the significant loss of flexibility 
polyurethane adhesive, due to the combined action of heat and engine oil immersion. 
4.  Conclusions 
The present study has analyzed the degradation experienced by adhesives and adhesive joints of composite with 
aluminum when these are subjected to (i) a prolonged environmental exposure, and (ii) ageing at high temperatures 
by immersion in engine oil. 
After the respective periods of exposure to weather, the both bulk adhesives samples (epoxy and polyurethane) 
were subjected to tensile tests. Likewise, ENF tests were conducted to evaluate bending strength of the adhesive 
joints aluminum composite (with both epoxy and polyurethane). Conclusions drawn from these tests were as 
follows: 
Polyurethane adhesive had a significant decrease in their resistance at the end of 12 months (11.8% reduction in 
bending strength and 10.5% in the tensile strength) and a significant reduction of their flexibility indicating that the 
environmental exposure causes progressive degradation. 
Epoxy adhesive showed better technical performance in tensile tests on adhesive bulk specimens (6% increase in 
tension at 12 months, although declining trend in the long term) than in ENF tests of adhesive joints (decrease 3.5% 
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at 12 months). Also, the extended environmental exposure does not cause large changes in the elasticity of the epoxy 
adhesive. 
Thermal degradation tests and by immersion in engine oil was performed during different periods of time (up to 
128 hours) in a climatic chamber at a temperature of 80° C. Specimens bulk of both adhesives (epoxy and 
polyurethane) were subjected to tensile tests. Likewise, ENF tests were conducted to evaluate bending strength of 
the adhesive joints aluminium-composite (with both epoxy and polyurethane). Conclusions drawn from these tests 
were as follows: 
The epoxy adhesive had a good performance under the combined action of immersion in oil and heat as 
resistance (both bending and traction) did not change substantially during the exposure period analyzed (128 hours). 
It should also be noted that in these conditions the flexibility of epoxy adhesive significantly improvement over 
baseline. 
Moreover, polyurethane adhesive showed an increased in the tensile strength (bulk adhesive specimens) with 
increasing the period of stay in the chamber (increase of 35% over the initial value to 128 hours), however, its 
bending strength (ENF test joints) was considerably reduced with increasing exposure time in the chamber (50% 
reduction to 128 hours). This can be explained by the significant loss of flexibility polyurethane adhesive 
experiencing due to the combined action of heat and immersion in engine oil. 
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